Since its discovery in 2004 as a functional material, there has been consistent growth in interest for graphene, owing to its unique electronic and mechanical properties. [1] [2] [3] [4] [5] For most practical devices, such as transistors, it is essential to be able to synthesize a single layer of graphene on a dielectric surface. 4, 6, 7 The rst method successfully used to isolate a single layer of graphene was exfoliation of highly ordered pyrolytic graphite (HOPG) on silicon dioxide. 8 Although this method results in high quality graphene, it is labor intensive, offers only a low yield and is therefore not useful for mass production. Another route to isolate graphene is by dissolving graphite in an oxidizing solution in combination with a drying procedure.
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Such chemical methods typically result in a large spread in the number of graphene layers. 12 As an alternative, chemical vapor deposition (CVD) processes enable large area single layer graphene production. Usually, transition metals (copper, nickel, etc.) are used as catalysts for the decomposition of gaseous alkanes (methane, ethane). 13 To release the CVD graphene from the metal substrate however, a manual transfer protocol is required, which makes the process again labor intensive and hard to automate. Therefore a direct synthesis process on dielectric substrates is seen to be crucial for the future of integration of graphene into practical devices. Metal-free graphene synthesis directly on insulators has also been shown to be possible, however these metal-free methods are typically accompanied by very long synthesis times caused by very low reaction rates compared to methods that make use of copper and nickel catalysts.
14- 16 The feasibility of graphene synthesis on copper oxide where copper oxide is also the catalytic material has been demonstrated. 17 However, the electrical properties of copper oxide make it unsuitable for application in devices. 18 Other research has shown that direct graphene synthesis is possible by dewetting of thin copper lms on silica substrates using a CVD protocol. 19 A disadvantage of this route is that dewetting copper on a at substrate results in a randomly distributed patchy graphene pattern. [19] [20] [21] [22] [23] Furthermore, the remaining copper particles will not fully evaporate, even aer a long annealing time. 19, 21 When very long process times are used, the remaining copper particles can eventually even sink into the silica substrate.
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In this paper we report a solution for this random copper dewetting consisting of an improved method for direct and controlled graphene synthesis on silicon dioxide using controlled dewetting and evaporation of copper. The dewetting process is controlled by a combination of using a grooved substrate and conducting copper deposition at an angle. Areas for graphene deposition are dened as mesas in between grooves produced using a potassium hydroxide (KOH) wet etching process on a silicon substrate. Subsequently the wafer is oxidized to form a layer of silicon dioxide (SiO 2 ), and a layer of copper (Cu) is deposited on the wafer. There are several advantages of using a grooved substrate over e.g., copper strips. The copper dewets in a single direction which is dened by the copper deposition angle, making it possible to deposit a single graphene line on the mesa. In addition, minimal copper oxidation occurs, since the last step prior to graphene synthesis is the deposition of copper enabling a proper catalytic surface for graphene deposition. In this research copper was chosen because of its excellent graphene synthesis catalytic properties, low carbon solubility and dewetting properties. 19, 22, 25 For CVD graphene synthesis on thin copper lms a lower temperature is required compared to copper foils. 26 During the CVD process, graphene is continuously deposited directly onto the silicon dioxide mesa (the at area between the grooves as displayed in Fig. 1a ) while the copper is evaporating and dewetting into the silicon dioxide grooves. 19, 22 The quality of the deposited graphene which stays directly on the silicon dioxide has been optimized by varying the partial pressures of the reactive gasses in the CVD process. The method does not require graphene transfer and therefore opens new ways for the implementation of automated wafer-scale graphene synthesis.
The design of the fabricated grooved substrate is shown in Fig. 1a . The mesa widths m range from 1 mm to 10 mm and the groove width w is set to m/0.4. The groove angle a g is determined by the silicon h100i crystal orientation as 54.7 . The silicon substrate was oxidized, resulting in a silicon dioxide layer of 300 nm serving as a copper diffusion barrier. Subsequently copper and graphene were deposited as schematically shown in Fig. 1 . The copper is deposited on the substrate at an angle a Cu by e-beam evaporation. This results in a copper thickness on the mesa of h ¼ h 0 cos(a Cu ), where the deposition thickness h 0 is set to 500 nm. Subsequently, the substrate is treated by a CVD process at a temperature of 1000 C. In this process the copper conforms initially to the copper silicon dioxide contact angle, followed by dewetting which is driven by the gradient of the curvature in the copper landscape.
27,28
During this dewetting process, graphene is synthesized and le on the silicon dioxide surface by the retreating copper.
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Three phenomena can be observed in the dewetting process: conformation to the contact angle, propagation of the contact line and occasional lm punch-through. Firstly, to minimize surface energy, a fast rearrangement at the edge of the lm will occur in the initial stage until the contact angle q c is obtained. 30 This contact angle of the dewetted copper with the surface can be calculated using Young's equation
The interface energy g i at the copper-silicon dioxide interface is 1.1 J m À2 , the surface energy of copper g m is 1. 
31,32
Secondly, aer the fast initial conformation, copper evaporation and dewetting drive the propagation of the contact line. 30, 33 The dewetting transport is dominated by surface diffusion of the copper (bulk transport can be neglected), minimizing the surface chemical potential and therefore smoothing the lm over time. 30, 34, 35 The gradient of the curvature K over the surface landscape s leads to a metal ux J m (assuming an isotropic surface energy) according to:
where N s is the number of copper atoms per unit area, U is the molecular volume of copper and kT is the product of the Boltzmann constant and the temperature. 36 The temperature dependence of this surface diffusion allows tuning of the retraction velocity of the contact line. For metal lms on at substrates, the contact line will propagate as a function of time in the form of x cl $ t a dw , where a dw is dependent on geometrical lm assumptions. 37 In most studies an a dw -factor of about 2 5 is found, which is practically independent of the contact angle. 30, 37, 38 The mechanism for graphene deposition proposed by Ismach et al. 19 is that graphene is synthesized by the catalytic action of the copper. While the contact line is retracting, graphene is transferred from the copper to the silicon dioxide surface, resulting in an insulating surface covered by graphene.
The deposited copper lm is conformal and will have a constant curvature at the mesa-groove corner prior to dewetting (see Fig. 2a ). To reduce the overall curvature of the copper surface, a dewetting ux will drive copper away from the mesagroove corner as follows from eqn (2), resulting in local attening of the surface. 34, 39 This process leads to a thinning of the copper lm, eventually leading to a punch-through of the copper lm by the mesa-groove corner.
To determine the copper-silicon dioxide contact angle, a copper lm of 500 nm was deposited on a at substrate and processed using CVD at 1000 C. Using scanning electron microscopy (SEM) a contact angle of 131 AE 4 was measured, which is in agreement with the theoretical contact angle. Subsequently, controlled dewetting on a grooved substrate was tested by depositing copper and applying the graphene CVD protocol. Three regimes could be distinguished in the resulting structures: fully dewetted, partially dewetted and punchedthrough, as can be observed in Fig. 2 . In the case of full dewetting, the copper has retracted into the groove. On the mesa (and in the groove) a layer of graphene was found to be deposited. Wider mesas became partially dewetted, with ngers of copper still remaining on the mesa. For even wider mesas punch-through of the copper lm at the mesa-groove corner occurs, resulting in a roll of copper remaining on the mesa.
The effect of a wafer cleaning procedure prior to copper deposition was investigated by testing the following procedures: 5 min UV-ozone, 5 min oxygen plasma, directly from an oxidation oven and no pre-clean. No signicant inuence from this pre-cleaning protocol on the dewetted mesa area was found.
To further control directional dewetting, copper was deposited at an angle on the grooved substrate. A series of deposition angles a Cu were tested to investigate their effect on the dewetted mesa area (see the ESI † for optical microscopy data). By image analysis of the dewetted surface, the relative dewetted mesa areas as a function of the mesa width and deposition angle were measured as shown in Fig. 3a. To the measurement data a logistic function was tted in the form of
where L, k and m mid are tting parameters. The t parameter m mid , the midpoint of the logistic curve, as a function of deposition angle a Cu is shown in Fig. 3b . Since the groove angle a g is 54.7 , the minimum deposition angle a Cu for directional dewetting is 35 . The thickness of the copper lm at the mesagroove corner is increased by larger deposition angles a Cu , delaying punch-through and allowing the full dewetting of wider mesas. However, if the deposition angle a Cu becomes too large, the mesa copper thickness h decreases rapidly. This thinner mesa copper lm, in turn, breaks up into small structures 27 (also see the ESI †), resulting in a larger transition region. Using a deposition angle of 45 the widest fully dewetted mesas were obtained. It is of interest to discuss the effect of a possible variation in the groove angle. A much larger groove angle a g (sharper corner) will result in a faster punch-through and thus will reduce the maximum achievable fully dewetted mesa width. On the other hand, a much smaller groove angle (blunt corner) will strongly reduce the ability for directional dewetting. The optimal angle can differ from 54.7 , but variation of this angle on silicon is difficult as it is created by the crystal plane orientation.
To optimize the quality of the deposited graphene, several methods were tested in which hydrogen and methane gas ows were varied. The total gas inow was set to 800 sccm using 3 The resulting dewetted mesa areas as a function of the total mesa width m for a series of deposition angles a Cu (a), where the copper deposition thickness h 0 is set to 500 nm. To this measurement data a logistic function is fitted. A dewetted mesa area of 100% corresponds to a fully dewetted mesa. The fit variable m mid of the logistic fit function (see eqn (3)) versus the copper deposition angle (b), showing an optimal deposition angle of 45 , the error bars show 95% fit confidence bounds.
argon. The process pressure was set to 10 mbar to prevent too fast an evaporation of copper. 33 The Raman spectra of the deposited graphene were subsequently recorded using a 532 nm laser. The graphene spectrum shows three characteristic peaks: the D peak (1350 cm À1 ) which indicates defects and discontinuities (e.g. crystal boundaries) in the graphene crystal, the G peak (1590 cm À1 ) which probes the in-plane bond stretching mode and the 2D peak (2700 cm À1 ) which holds information regarding the stacking orders. 40, 41 To analyze the measured Raman spectra, Lorentzian peaks were tted to the mapped Raman scan. A sharp (low FWHM) and symmetric 2D peak indicates single layer graphene. 40 Ideally no defects are present, thus the D peak intensity when normalized to the G peak intensity (I D /I G ) should be low. Fewer graphene layers result in a higher G peak position, 41, 42 however doping will also increase this position.
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A series of methods for graphene deposition were tested and the Raman spectroscopy tting results can be found in the ESI. † The four most signicant graphene quality indicators displayed are indicators for the number of layers and the defect density (including grain size). In this process we aim to produce defect free, single layer graphene. When analyzing the graphene quality indicators discussed above, the method using 50 sccm methane and 50 sccm hydrogen was selected for subsequent graphene deposition experiments.
The spatial distribution of the graphene quality was analyzed and can be found in Fig. 4 . Where the copper dewetting started, rst no graphene was deposited. This is related to the high temperature required to synthesize graphene, which is not yet reached when the copper starts dewetting. From this point on, the presence of a continuous layer of graphene was conrmed using Raman spectroscopy. The rst deposited graphene layer possesses a higher D peak compared to the rest of the mesa. We expect variation in the dewetting velocity to inuence the quality of the deposited graphene. The dewetting velocity can be inuenced by, for example, the process temperature. We therefore believe that it is possible to improve the graphene quality further by tuning the dewetting velocity. A more constant dewetting velocity is expected to result in a more uniform graphene layer. This could be achieved by an increase in the temperature or a decrease in the pressure during the deposition process. By slightly increasing the temperature during the process the dewetting velocity will also increase. Increasing the process pressure will reduce the evaporation rate of copper which would lead to an increase in the graphene domain size. Lastly, the quality of the deposited graphene could be improved by further optimization of the hydrogen, methane and argon gas ow in the synthesis method. The impact of decreasing the dewetting velocity is expected to be benecial for the synthesis process. It could help in the synthesis of a continuous graphene layer with a lower defect density and an Fig. 4 Characterization of the deposited graphene on the mesa area, using the best CVD settings (hydrogen at 50 sccm and methane at 50 sccm). Raman spectra were recorded on the mesa (light blue) as indicated by the red box on the optical image, scale bar is 10 mm (a). The colored crosses mark the locations of the displayed three Raman spectra (d). The dashed lines indicate the mesa edge in the mapped Raman scans, which reveal the graphene coverage on the mesa (b, c, e, f). The apparent noise in the right most spectrum (pink) is caused by the copper next to the mesa (d). The 2D to G peak intensity I 2D /I G shows uniform quality over the sample (b). The D to G peak intensity I D /I G reveals more defects on the left edge of the mesa, where the copper dewetting had started (c). The 2D peak sharpness is uniform over the sample, however next to the mesa the 2D peak is sharper (e). The G peak position is higher on the mesa than next to the mesa (suspended and on copper), which is probably caused by the difference in the substrate induced doping (f).
increased graphene domain size. Furthermore, less copper residues are expected at the expense of higher silicon oxide roughness.
Aer close inspection, SEM images revealed ridging in the silicon dioxide as can be seen in Fig. 5 . By atomic force microscopy (AFM) the ridges were measured to have an average amplitude of 4 nm and a period of 47 nm (see the ESI † for AFM data). The forming of ridges during the copper dewetting process is explained by the transport of silicon dioxide along the interface with copper to the triple point where process gasses, copper, and silicon dioxide meet. The silicon dioxide is then transported by surface diffusion, which is inherent to metal ceramic systems at elevated temperatures. 24, [44] [45] [46] In the study by Ismach et al. 19 these ridges were also observed, however it was suggested that these ridges were wrinkles in the graphene. To conrm that the ridges in this work are in the silicon dioxide and not caused by e.g. graphene wrinkles, the sample was treated using oxygen plasma to strip the graphene. AFM images before and aer this treatment showed a comparable roughness, from which we conclude that the silicon dioxide was ridged during the dewetting process. The continuity of the graphene layer was investigated using hydrouoric acid (HF) treatment, since the graphene layer will protect the silicon dioxide against etching. Aer etching, the roughness was found to be comparable to the original sample, conrming that the graphene layer is continuous. In the AFM images nanoparticles of approximately 24 nm were observed on the sample surface. Analysis with an energy selective backscattered (EsB) detector and by energy-dispersive X-ray spectroscopy (EDX) showed that these nanoparticles are copper particles which must have been pinched off during the dewetting process (see the ESI † for EsB data). The particles are most probably completely wrapped up in graphene. 47 Interesting plasmonic properties have been reported in the literature, when these graphene coated copper particles spaced or have features in the order of tens of nanometers. [48] [49] [50] The graphene coating protected the copper from oxidation while it increased the sensitivity of measurements of analyte adsorption on the graphene. [50] [51] [52] Removal of these copper residues would be possible by subsequent wet etching of the copper, since this removes the copper particles and leaves the graphene supported by the substrate, 53 where the etchant is thought to reach the copper via the defects in the graphene.
The deposited graphene could be used as a transistor channel, which was demonstrated by the construction of a device in which the graphene can be gated. The synthesized graphene was interfaced with gold electrodes and a well was made with epoxy resin which served as a reservoir for an electrolyte solution. By solution gating a high gate capacitance is achieved, inducing high doping levels. 43, 54 In Fig. 6 the rectifying behavior of the graphene as a function of gating voltage is shown, which is normally not present in single layer graphene eld effect transistor devices. 55 The curve we found indicates the presence of a band gap in the graphene, 56 which is useful for transistor devices.
In addition to this, the synthesized graphene could be exploited for other functional devices such as (bio)sensors, since the synthesized graphene layer consists of relatively small grains (nanocrystalline 19 ) and therefore possesses a relative high density of reactive grain boundaries. Another potential application for this graphene deposition method, aer further optimization, would be the fabrication of graphene nanoribbons.
In summary, the presented method has improved the direct synthesis process of graphene on silicon dioxide by controlling the location of the dewetted areas. For this purpose copper was deposited at an angle on a grooved substrate. The copper dewetted into the grooves, leaving a layer of graphene on the at part of the silicon dioxide surface. Optimization of the CVD process has been performed to obtain the best synthesized graphene sample possible. Furthermore analysis showed that the graphene layer is closed and the silicon dioxide surface was ridged aer the dewetting process. This improved method opens new possibilities for wafer-scale graphene synthesis directly on insulating surfaces. 
Experimental section
An oxidized h100i silicon wafer was patterned using conventional lithography with a line mask of 400 lines ranging from 1 mm to 10 mm in width. Aer performing dry etching of the silicon dioxide, silicon was wet-etched anisotropically using a 25% KOH solution at 75 C to manufacture the grooves.
Because of the crystal orientation of the wafer, a groove angle a g of 54.7 is obtained. Subsequently, the grooved substrate was oxidized resulting in a silicon dioxide layer of 300 nm for optimal graphene visualization and to serve as a copper barrier at higher temperatures. Next, 500 nm of copper was deposited using e-beam evaporation at a controlled angle. Directly aer this, the CVD process was performed in a cold-wall reaction chamber, which was purged with hydrogen prior to starting the process. Meanwhile, as the substrate was heated to 1000 C (ramping up and down at $60 C min À1 ), the CVD-process was executed at a pressure of 10 mbar with a hydrogen ow of 50 sccm, a methane ow of 50 sccm and an argon ow of 700 sccm for 15 minutes, see the ESI † for the CVD log data. The Raman spectra are recorded using a WITec alpha 300 system with a 532 nm laser at 1 mW using a 100Â objective (0.9 NA) leading to a spot size of 1:22l NA ¼ 0:72 mm. For the fabrication of the graphene transistor device, gold contact pads were deposited by electron beam evaporation using a shadow mask, and were connected to a PCB by wire bonding. Subsequently, the gold pads and wire bonds were covered with epoxy (hysol), leaving the graphene area between the electrodes (5 mm) open. A droplet of 0.1 M KCl solution was applied to this area in which a silver/silver chloride electrode was inserted. Between the gold pads a voltage of 0.1 V was applied to measure the in-plane conductance. The graphene was solution gated by connecting the silver/silver chloride electrode to a Biologic SP300 potentiostat.
